The use of sentinel species shows the potential to bridge the gap between animal-based and humnan-based environmental health research. With regard to the assessment of environmental contamination, the use of the terms "indicator," "monitor," and "sentinel" has ofn been c nfg and ambiguous. 
Introduction
Contamination of the environment with toxins of anthropogenic origin has now reached the level where it has become a concern, and it has been recognized as such (1) . Attempts to quantify or assess the impact ofcontamination often focus either on individual nonhuman species of interest or on humans alone. The scientific literature is full of examples of the former, and while these are considered important to people interested in the welfare of particular species, the human population tends to be unconcerned unless it is shown that its own health is directly threatened. Human subjects may provide the most relevant source of information on contamination levels, biological effects, and possible dangers to human health, but several factors, such as the lack ofthe ability to sample sufficient quantities oftissues (2) and human activities that confound interpretation of population-based studies (3) , can complicate the ease with which conclusions are reached. Moreover, purely human studies do not take into account the threats to the other organisms that share man's environment. The use of sentinel species shows the potential to bridge the gap between these two paths ofresearch. We will ' review how others have used some sentinel species, assess some factors by which theirusecanbecompared and evaluated, and give examples ofhow some species may be suited for future research into levels of environmental contamination and their threat to human and animal health. We will confine our scope to the usage ofmammals for these purposes.
Some Definitions: What Do We Mean by a Sentinel?
As one reads through the scientific literature on environmental contamination, theconfusingandoftenambiguoususeofthe terms "monitor," "indicator," and "sentinel" becomes apparent. This facthasbeenpointedoutbyotherauthors (4) . Thethreeterms have been used interchangeably, or in various combinations that blur ordisregard any distinctions betweenthem (5-7). Theterms "tool fortracking" (8) and "biological barometers" (9) have also been usedtorefertomammalianspeciesthatmightbeusedto assess environmental contamination. A standard set ofdefinitions would seemappropriateto aid inthe interpretation ofexisting literature and to clarify new information generated in this growing area. In this light, wepropose a system ofnomenclaturebasedon the work of previous authors, modified where necessary, with some appropriate generalizations.
The Oxford English Dictionary (OED) (10) defines an indicator as "one whoorthat whichpoints outordirects attention to something," and more specifically, as "a group of animals whose presence acts as a sign ofparticular environmental conditions." This suggests the fact that indicators point out the discrete quality ofa particular factor or characteristic being present or absent, butdo notquantify it in any way (4). Whenone uses theterm, then, it is necessary to state what particular situation or attribute is being indicated. In our context, to refer to a particular species as an indicator and not specify ofwhat seems inappropriate. Although the term bioindicatorhas been referredto as estimating (i.e., quantifying) the level ofenvironmental contamination (11 ) , perhaps the best definition is that ofLandres et al. (12) , upon which we base our definition:
Indicators: organisms whose characteristics are used to point out the presence or absence of environmental conditions which cannot be feasibly measured for other species or the environment as a whole. The rationale, uses, and limitations of indicator species have been discussed succinctly by Steele and co-workers (13) .
The term "monitor" extends the indicator concept. The OED specifies a monitor as "something that reminds or gives warning" (14) . Rather Monitors: organisms in which changes in known characteristics can be measured to assess the extent of environmental contamination so that conclusions on the health implications forother speciesorthe environment as a whole can be drawn.
The concept ofa sentinel species, our objectofinterest here, extends and refimes the monitora step further. Here, theOEDdefines the role of acting as a sentinel as "to stand guard over; keeping watch" (16) . Newman (15) In summary, indicators point out the discrete presence or absence of particular environmental conditions. Monitors allow the graded evaluation and quantification of the degree of particular environmental conditions. Sentinels allow graded evaluation and quantification with specific and exclusive reference to implications for human health, and give early warning ofthose implications. The distinctions, though subtle, are quite significant.
Our attention will be directed toward sentinels. The other two categories will be considered here only in the narrow sense in which they apply to sentinels.
Why Sentinels?
As pointed out in the Introduction, the most direct and relevant way to study the levels and health effects of environmental contaminants in humans would be to use humans themselves as research subjects. For a number of reasons this is not always possible. The (17) , thus providing the requisite "early warning" ofthreat to human health (9, 18, 19) . With regard to population-based studies, sentinel animals do not share some ofman's behaviors (e.g., smoking, occupational [workplace] exposure) which can act as confounding factors in study interpretation (3) .
Although the majority of the literature on the effects of toxic environmental contamination and levels in the environment comes from analytical chemical studies and laboratory based studies using laboratory animal species, there are inherent limitations in the types of conclusions that can be drawn from them. In analytical chemical studies, environmental samples obtained for analysis do not necessarily mirror actual environmental contamination, nor do they take the unique susceptibilities of man or particular animals into consideration (20) . Though no one would question the value oflaboratory toxicity tests, extrapolation ofresults to man or other species in the field can prove problematic due to the interplay ofthe many subtle, unidentified factors operating in the environment (21, 22) . Sentinels can help to overcome both of these drawbacks. Sentinel species are also useful as a means ofgathering medical data that may be relevant to similar diseases in humans. The utility of making certain diseases in sentinel species reportable to public health authorities has been reported (9, 23) as such a means. Finally, and perhaps most importantly, sentinels perform the function ofcalling attention to the interrelationship between human health and animal health with respect to the environment, providing a way tojustify the expense ofobtaining information on animal species by showing its implications for humans.
However, a number ofareas ofpotential difficulty exist in implementing the sentinel concept. First, the sentinel is probably not suitable for application on a global or country-wide basis, since the variability of species and environmental characteristics between regions is often marked. In addition, the subpopulations of humans that the sentinel guards will vary substantially from place to place and culture to culture. As we will see, the sentinel is a tool for specific rather than for generalized application. (27) has analyzed the various pitfalls and difficulties involved in the use of monitors on a global basis. Many of these criteria also broadly apply to the selection ofsentinel species, and we propose our criteria list as a digest of applicable characteristics from these authors and our own observations.
It should be noted that these criteria need to be considered as a continuum, not as a list that any proposed sentinel must fulfill in its entirety. Indeed, it is very unlikely that any species would meet all of these criteria without some area of weakness, and the relative strengths and weaknesses of a species need to be considered in the context of the study situation to which its application is intended.
Inherent Criteria
Size. One ofthe most basic factors for consideration of sentinel species is how large or small they are. A sentinel needs to be large enough to provide adequate tissue samples for analysis ofthe toxicant under study.
Sensitivity. The proposed sentinel must be sensitive enough to be predictive of human exposure and its routes, and its reaction needs to be specific to the particular agent. Although some authors have demonstrated that a sentinel less sensitive than humans can be useful in pointing out an existing intoxication problem in humans (28) , it would probably be of greater utility to choose a sentinel more sensitive to a particular toxin than its guarded human group. In this way, one might expect clinical signs in the sentinel before their appearance in man, fulfilling the aforementioned "early warning" function.
Physiological Characteristics. Three key factors are necessary in regard to physiological characteristics. First, with regard to the toxicant in question, the sentinel needs to be similar enough to man physiologically to show comparable biological and pathological effects following exposure. Second, baseline parameters ofthe sentinel's physiology need to be known or have the potential to be feasibly determined so that "normal" characteristics can act as a standard to measure changes against. Third, the organism must accumulate the toxicant to levels that reflect environmental concentrations. Sentinel levels need to change in direct proportion to changes in the environment.
Longevity. The sentinel should have a life span long enough to demonstrate the effects ofexposure over time so that conclusions can be drawn concerning the consequences of chronic exposure and concerning any variability of effects for different age groups.
Latent Periods. The time span between initial exposure to a toxic agent and the appearance of biological effects or clinical signs should ideally be short, so that early warning of subsequent effects of chronic exposure in humans could be identified. In addition, a short latent period might allow better assessment ofthe length and course of the intoxication. Route of Toxic Exposure Similar to Humans. Route of exposure is essentially a further specification of the idea that sentinels need to "share the same environment as man." Routes of intoxication must be identified and standardized to determine risk from environmental contamination and to predict biological and pathological consequences (because these can vary widely according to exposure route for a given toxicant).
External Factors
Abundance andDistribution. Sentinels need to be abundant enough to make statistically significant sampling logistically feasible. Moreover, it is important that the sentinel species chosen will not be adversely effected by the removal of individuals for sampling purposes. For this reason, the use of endangered species or species whose populations are depleted or unstable within a study area would not be appropriate. Some have suggested the use of "nuisance" species, whose thriving populations already need to be managed on a continuing basis by trapping and removal (5) . Such species could provide an abundant sampling source. In addition, the ideal sentinel should be widely distributed within the area to be assessed, so that levels in the organism are representative of the entire area of concern.
Ability to Propagate in Captivity. Although our concern is mainly with environmental field studies where the application of data from laboratory studies can prove problematic (as previously noted), there are unquestionably some parameters that are best assessed in a laboratory setting (e.g., baseline physiological parameters) where better control of variables is possible. With this in mind, the ability to reproduce and maintain populations of a sentinel species in captivity would be desirable. Such a characteristic would allow both laboratory and field studies to be conducted on the same species and the results compared. Variable forces at work in the environment might be identified and assessed in this manner. Large mammals may not be suitable for laboratory studies (33) due to the expense and logistical difficulties of maintaining and propagating them in captivity.
Other Factors Multiple Species. Buck (20) has pointed out the importance of using more than one species simultaneously to adequately monitor environmental quality. This may apply to sentinels as well. While individual species have unique characteristics that make them suitable as sentinels, their differing responses when simultaneously exposed to a similarly contaminated environment may help to elaborate subtle influences that could have implications for human health. Simultaneous use will not only allow critical comparison of sentinel species, but also contribute to the taxonomic breadth of the conclusions drawn concerning the ways in which human and animal health are interrelated.
Goal Definition. Although the primary purpose of sentinels is to guard human health, selection of sentinels should also take into consideration what can be accomplished on a long-term basis. Ideally, they can offer a means to measure progress in environmental health and to define goals which may benefit both themselves and humans (34) .
Review of the Literature
The number of studies in which mammals have been used to assess the risks of toxic environmental contamination in humans is fairly limited; fewer than 20 studies have simultaneously looked at levels and effects oftoxicants in both humans and their sentinels. A number ofthese studies have investigated the possible uses of sentinels to assess risks to humans of neoplasia secondary to toxic exposure from the environment. The majority of these studies have focused on dogs. Hayes and Mason (35) reviewed the use of a number ofdomestic animals as sentinels of human disease in general, including health problems related to toxicants. Citing their epidemiological work with pet dogs (19) , they proposed the use of dogs as sentinels for human bladder cancer. These workers calculated proportional morbidity ratios for various types of cancer diagnosed in dogs at 13 veterinary referral hospitals in the United States and Canada and related them to an estimate ofthe level ofindustrialization in the surrounding counties. These were then compared with age-adjusted mortality rates from bladder cancer in whites from the same counties surrounding the veterinary referral centers and their relationship to the level of industrialization. They found a significant positive correlation between bladder cancer and level of industrialization in both dogs and humans.
In two other studies, Hayes concentrated on canine bladder cancer specifically with respect to etiologic factors that might be similar between humans and dogs (23) and then examined the comparative epidemiological features of various neoplasms in dogs and cats and related them to similar cancers in humans, with an eye toward using these pets as prognostic sentinels (36) . In the former study, transitional cell carcinoma was focused on, as this neoplasm was seen to evolve from environmental exposure in humans (37) . Relation of these cancers to urine-borne carcinogens was theorized in both humans and dogs, and the absence of smoking and occupational exposure risks in dogs was cited as further support for the dog as a sentinel species.
The use of the dog as a sentinel for environmentally related neoplasia in the humans was also proposed by Glickman and coworkers in two separate studies (14, 38) . In the former, the use of dogs as sentinels for human exposure to asbestos was proposed, and dogs diagnosed with mesothelioma were examined to determine environmental risk factors that might be associated with asbestos-related diseases in their owners. Glickman et al. significantly associated canine mesothelioma with owners' asbestos-related occupations or hobbies and the use of flea repellents on the dogs. In the latter study, again using bladder cancer as the biological effect, the authors examined the use of household dogs to determine carcinogens in insecticides and proposed their potential use to assess adverse effects in humans.
The other cancer-related use of sentinel species involved domestic sheep. Newell and co-workers (39) examined the influence of some environmental factors on the prevalence rate of small intestinal adenocarcinoma in sheep. They found significant increases in tumor rate associated with exposure to phenoxy and picolinic acid herbicides and significantly larger increases associated with how recently food stuffs were sprayed with these herbicides before consumption (i.e., the more recent sprayings were associated with larger increases in tumor rate). The authors were appropriately cautious not to claim their findings as an analogy for disease in humans. They made the captivating observations that a) the prevalence rates of human colonic carcinoma and sheep small intestinal adenocarcinoma in New Zealand are both among the highest in the world, b) the sheep small intestine and human colon are similar in many respects, and c) New Zealand is among the major users ofphenoxy and picolinic acid herbicides in the world. In light of their findings in sheep, the potential role of the sheep as a sentinel species in this situation is obvious.
Finally, a brief review on the value of domestic animals in the evaluation ofthe environmental causes ofcancer has been offered (40), recognizing veterinary epidemiology as an underexploited resource in human disease investigation.
Sentinels have also been used to identify environmental teratogens and to compare rates of birth defects in mammals and humans (41) . Marienfeld proposed and used domestic swine as his sentinel species and gathered information on birth defects by questionnaires from 40,000 swine producers over a 3-year period. Although no conclusions could be drawn concerning the implications for humans (as no statistical comparisons were performed), the study indicated the possibility of relating levels of teratology to geographic area and using domestic animals as sentinels.
A number of other studies have investigated the potential role of sentinels to monitor or assess health effects in humans from exposure to various toxic agents in the environment. The majority of these studies concern the heavy metals lead and mercury. Thomas and his co-workers (28) proposed and used family dogs from 83 low-income families to assess and predict the prevalence of higher-than-normal blood lead concentrations in children from the same families. They concluded that the discovery of an abnormally high blood lead concentration in a family dog increased the probability of finding a child in the same faimily with abnormally high blood lead 6-fold. They also pointed out the remarkable similarity between lead intoxication in young dogs and children with regard to socioeconomic status, area of residence, season, source of lead, and biological effects. On the average, blood lead concentrations tended to be higher in children than in dogs from the same family, calling into question whether the dogs were sensitive enough to provide early warning. However, in another study of 389 dogs from four sites with various levels of environmental lead contamination (lead mining, lead smelting, urban and rural island), the authors concluded that dogs were more sensitive than children and that elevated lead levels in dogs should be viewed as early warning of risk to children (42) . They found the highest lead concentrations in the mining site, and blood lead concentrations were significantly affected by location (mining > smelting > urban > rural island). Though they appeared clinically normal, more than 10% of the dogs from the mining and smelting sites had blood lead levels that exceeded concentrations considered diagnostic for lead poisoning, compared to 4% of children at the smelting site.
With regard to mercury, the classic documentation of both human and animal poisonings concerned the tragic contaminations at Minamata and Niigata, Japan. The interested reader is referred to the comprehensive literature available about this outbreak (43,44), which will not be discussed here. Pet cats were proposed as sentinels and used to study the clinical and pathological effects of organic mercury poisoning by Takeuchi and co-workers (18) . They looked at two cats that developed neurological signs after eating fish from a methylmercurycontaminated river system in Ontario. These animals showed similar clinical signs, mercury levels, and histopathological effects as domestic cats poisoned at Minamata. The authors ominously pointed out that the cats at Minamata had exhibited these same signs just before the onset of massive human morbidity from methylmercury intoxication and inferred the gravity of the possible health consequences for the humans living near and eating fish from the contaminated river. They cited work that showed some of these individuals had indeed developed clinical signs characteristic of methylmercury poisoning.
Smith and Armstrong (45) examined mercury concentrations in various food items for a group of native Inuit in Northern Canada. Though the region is far from industrial sources of mercury contamination, humans here had above average (though not dangerous) blood mercury levels, which were thought to be due to eating contaminated seal meat and liver. While the humans' diet was presumed to be sufficiently varied to avoid intoxication, it was noted that sled dogs owned by the Inuit and fed a nearly exclusive diet ofseal had much higher mercury levels in their livers. It was suggested that these dogs could act as sentinels to predict what human levels might approach if seasonal population constraints of their other primary food items (caribou and char) forced the Inuit to consume seal as a greater proportion of their diets.
Pet animals have also been studied as sentinels for health effects that might be due to environmental contamination with polychlorinated biphenyls (PCBs) and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Schilling and co-workers (17) concluded that dogs could serve as sentinels for human exposure to PCB. These authors measured serum PCB levels in dogs living near sites of PCB contamination. Relative to controls, they found PCB exposures in dogs were greater in areas where the soil was known to be contaminated with PCB. Humans occupying these same contaminated areas also manifested elevated PCB levels in their sera, and at levels higher than the subject sentinel dogs. Unfortunately, no PCB levels were determined for adipose tissues where these lipophilic compounds accumulate. Due to clearance by hepatic and other tissues, serum does not accurately reflect body burdens of PCBs, and so the author's conclusions may not be accurate.
Another study used questionnaire data on family dogs and cats in an attempt to assess their potential use as sentinels for human health risks from environmental contamination with waste oils containing TCDD (46) . Although small samples, owner recall bias, and the inability to confirm owner-reported sickness with veterinary medical records prevented them from extrapolating sentinel results to humans, these authors' findings suggested dogs and cats in TCDD-contaminated areas may have greater health risks than nonexposed pets. Notably, they also cautioned against reliance on owner reports in future research on the use of sentinels in environmental health.
Finally, a few case reports with implications for sentinel use also appear in the literature. While these were not studies where a sentinel was proposed and then used, the fact that animals became sick and were closely followed by humans after exposure to the same toxic agent illustrates nicely the concept of the sentinel as an early warning guard of human populations. The first such incident occurred in 1971, when waste oil contaninated with TCDD was sprayed on the riding arena of a horse breeding farm for dust control purposes (47) . Within 3 days of application, birds nesting in the arena rafters were found dead, and over the succeeding weeks and months, rodents, cats, dogs, and horses died after exposure to the arena. A 6-year-old child who played in the arena soil later developed hemorrhagic cystitis and pyelonephritis, and two other exposed children developed skin lesions consistent with chloracne. The arena soil was found to contain approximately 32 ppm TCDD.
A second incident concerned a group of farmers who obtained waste grain that had been treated with organomercurial fungicide and incorporated it into feed for their hogs (29 Consideration of the source of a toxicant will be used as the first example. If the main human exposure is through ingestion in foodstuffs, one might consider the use of the animal that is the foodstuff, or of a species that ingests that particular foodstuff as a major portion of its diet. To assess human exposure to organochlorine pesticides with agricultural applications as a source, if the human exposure of interest was through pork, the pig could be evaluated as a sentinel, as it accumulates these pesticides while grazing (51) . Dairy cattle or goats could be used if the source under study was milk products, as milk is a major excretory route for organochlorines in these animals (52) .
Moreover, specific subpopulations with sources of exposure that larger populations do not commonly receive could possibly use the sentinel effectively. As an example, consider hunters who use their prey as a foodstuff. Within specific areas, hunting is a common pastime, and among hunters, organ meats are consumed along with carcass meat. In individuals who might be hunting for the purposes of subsistence, exposure to toxins present in organs ofgame animals could be significant. Cadmium, a known nephrotoxin (53) , has been shown to accumulate in the organ meats of several game species that graze forages contaminated by atmospheric metal fallout, including red deer (54) , moose, roe deer, and hares (7) . Any ofthese species could be considered for use as a sentinel, depending on the chosen prey of the particular group of hunters being studied.
As a second example factor, the specific human physiological subgroup of interest must be considered before matching a sentinel to it. If considering effects of lead exposure on pregnant women, sheep might be selected because pregnant ewes are more susceptible to the effects of lead poisoning than nonpregnant sheep (55, 56 (61) . A number of authors have also found significantly reduced growth rates in offspring of female mink exposed to dietary PCBs (62, 63) . Significantly decreased growth rates were documented in male children of women exposed to PCBs in contaminated cooking oil (64,65), fLevels of MeHg were determined fbr some individuals in this study. gComposite sample (internal parietal and peritoneal fat). hSpecies not specified.
suggesting similar pathobiological effects in mink and humans. The mink might also be considered to assess interactive or synergistic effects between PCB and other toxicants in diets. PCB-treated mink have been shown to have increased accumulation of cadmium (66) , and dietary PCBs and methylmercury have been shown to have a synergistic negative effect on the survival ofoffspring oftreated females (62) . The mink might serve as a sentinel where similar effects are of interest in pregnant women. A final example might be made relating to human exposure to methymercury. Humans are known to accumulate body burdens ofmercury from eating fish (67) , and fish and shellfish are considered the only regular dietary source ofpractical importance (68) . In considering a sentinel for this situation, a piscivore is then needed. The river otter (Lutra canadensis) might be a good choice as a wild mammal, and the cat a good domestic one. Methylmercury intoxication is known to produce similar clinical neurological signs in the otter (69), cat (18) , and humans (70) . River otters are known to be sensitive biomonitors of environmental mercury availability (71) , and the use of the cat as a sensitive mercury sentinel has already been discussed. Perhaps most importantly, the gross and histopathologic changes (cerebral cortical atrophy, neuronal degeneration, astrogliosis, etc.) of methylmercury intoxication in humans (44) are duplicated in the river otter (72) and cat (73, 74) . By using two sentinels simultaneously, one could assess not only the usefulness ofeach species in the field, but the way in which quantitative differences in exposure or other factors affect their predictive value for human effects. In addition, descriptive epidemiologic information might be obtained that could define hypotheses and cohorts for future analytical research.
As stated before, these examples are not recommendations, nor are they intended to be conclusive. Indeed, it seems clear that no one sentinel mammal can encompass all situations when assess ing the potential effects oftoxic environmental contamination on human health. While the potential impact of sentinel use in the field ofenvironmental health is enormous and still at a seminal stage, future investigators need to be careful to choose sentinels based on well-defined research questions and confine any conclusions drawn from results to the focus ofthe particular problem and specific subpopulation the sentinel was chosen to assess. It is hoped that the limited scope ofindividual studies can be combined with, and interpreted in light of, the work ofothers to turn this potential into tangible knowledge that will benefit not only humans, but also the other creatures that share our world.
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